The amplitude of El Niño-Southern Oscillation (ENSO) varies substantially at each 2 phase of its evolution, affecting the timing and patterns of atmospheric teleconnections 3 around the globe. 
Introduction 1
The El Niño-Southern Oscillation (ENSO) phenomenon dominates tropical ocean-2 atmosphere variability on interannual timescales, with profound impacts on global weather 3 and climate (McPhaden et al. 2006; Deser et al. 2010) . One fundamental property of El Niño, 4 the ENSO warm phase, is that its evolution tends to be phase-locked to the annual cycle, 5 with peak warming around the end of the calendar year (Rasmusson and Carpenter, 1982; 6 Trenberth, 1997) . Because of evolving patterns of tropical sea surface temperature (SST) 7 anomalies and atmospheric teleconnections, ENSO effects display strong seasonality in 8 various parts of the globe. Droughts tend to occur in India (Indonesia) in summer (fall) of 9 the El Niño developing year (Shukla and Paolino, 1983; Ropelewski and Halpert, 1987; 10 Haylock and McBride, 2001 ). Precipitation and temperature anomalies tend to peak over 11
North America during winter at the peak phase of ENSO (Trenberth et amplitude modulation, and possible effects of solar and volcanic forcing on ENSO 22 occurrence. Based on various proxy records and statistical methods, however, these 23 instrumental data from 1990 to 2005, and adjusted the means and variances of the 1 reconstructions accordingly. As a result, the MADA spans 1300-2005 (Fig. 3) . 2
The NADA is a set of tree-ring derived summer PDSI reconstructions over most of NA, 3 based on a 286-point 2.5°x2.5° regular grid (Fig. 2) . In its current version (NADAv2a; 4 available online at: http://www.ncdc.noaa.gov/paleo/pdsi.html), the NADA was developed 5 using 1845 annually resolved tree-ring records across Canada, the United States, and 6 northern Mexico (Cook et al., 2008). The PPR method was used in a nested manner in order 7 to utilize the full length of the available tree-ring records to extend the reconstructions as far 8 back as possible (Cook et al., 2004 ). Each PPR model was developed over the fixed 9 calibration period 1928-1978, and was verified against instrumental PDSI data over 1900 -10 1927 . The model test results indicate that the NADA is highly reliable back to 1300, and is 11 still quite useful back to 800. In addition, instrumental PDSI data were appended to the end 12 of the reconstructions to bring them up to 2006. As a result, the NADAv2a covers AD 0-13 2006, with reconstructions available at over 70% of all grid points during most of the last 14 millennium (Fig. 3) . In this study, we focus on the reconstructions over 1300-2005, a period 15 most reliable and consistent with the time span of MADA. 16 17
Instrumental climate data 18
Monthly precipitation and temperature data were obtained from the Climatic Research 19 Unit (CRU) TS 3.1 global climate dataset, available for 1901-2009 on a half-degree grid 20 (Mitchell and Jones, 2005) . These climate data were used to investigate how summer 21 droughts over MA and NA are related to current and antecedent precipitation and 22 temperature anomalies. 23 The primary SST data we used are the National Climatic Data Center (NCDC) extended 1 reconstructed SST dataset version 3b (ERSST.v3b), available on a monthly 2-degree grid 2 (Smith et al., 2008) . This dataset starts in 1854, but its variability is heavily damped before 3 1870 due to sparse data availability. We therefore only used the data after 1870. We 4 repeated our analyses by substituting the ERSST with the Hadley Center and Kaplan SST and is characterized by a distinct dipole mode, with one center in the mid-latitude Central 22 Asia and the other in India with extensions to the southern Tibetan Plateau and northern 23 Southeast Asia (Fig. 4A ). The EOF loading over Central Asia is much higher than that over 1 South Asia, suggesting that this dipole mode is dominated by moisture variability over 2 Central Asia. The opposite sign of loadings indicates that there exists a seesaw pattern 3 regarding summer moisture change in the two regions, with concomitant moisture increase 4
in Central Asia and a decrease in South Asia, or vice versa. The MADA EOF2 accounts for 5 9.6% of the total variance, and represents a distinct moisture pattern with strong positive 6 loading over the Maritime Continent (Fig. 4B) . The first EOF pattern identified here from 7 standard EOF analysis is nearly identical to the first distinct EOF (DEOF1) mode for the In contrast, the MADA PC2 has no significant correlations with east-central tropical 21
Pacific SSTs in prior winter (Fig. 6G) . Instead, they are significantly correlated from current 22 spring to the following winter, with the highest correlations in August-October (ASO) ( weaken in spring to summer and vanish thereafter (Fig. 7A-F) . This indicates that summer 7 drought anomalies over Southwest NA are most related to the peak phase of the preceding 8
El Niño event, with wet conditions over the Southwest when east-central tropical Pacific 9
SSTs are warmer than normal. 10
The NADA PC2 is also most strongly correlated with east-central tropical Pacific SSTs 11 in prior winter (DJF), but the magnitude of correlations is much lower than that for NADA 12 PC1 (Fig. 7G-L Fig. 1) . (Fig. 8) . The results indicate that the correlations of each drought 9 pattern with the Niño3/4 indices exhibit similar seasonal evolution, albeit subtle differences 10 exist in the relative magnitude. For MADA PC1, the highest correlations are positive, and 11 are found when ENSO leads by 6-7 months summer droughts over Central/South Asia (Fig.  12 8A). For MADA PC2, the highest correlations are negative, and are found in the season 13 when ENSO lags by 0-2 months behind summer droughts over the Maritime Continent (Fig.  14   8B ). Similar to MADA PC1, the highest correlations for NADA PC1 are positive, and are 15 found when ENSO leads by 6-7 months summer droughts over Southwest NA (Fig. 8C) . 
Summer droughts in relation to precipitation/temperature anomalies
The MADA PC1 is positively (negatively) correlated with precipitation over Central 10 (South) Asia from prior winter to current summer, but their correlations vanish in the 11 following autumn to winter (Fig. 9A-F) . Consistent correlation patterns are found with the 12 observed summer PDSI ( Supplementary Fig. 2 ), suggesting that tree-rings over 13
Central/South Asia have faithfully reproduced the seasonality and the strength of the 14 observed correlation patterns without significant amplification or dampening effect. 15
Correlations of MADA PC1 with temperature are broadly consistent with that of 16 precipitation, albeit with reversed signs (Fig. 9G-L) . Strong correlations of MADA PC1 with 17 precipitation and temperature are both found from April-June (AMJ) to June-August (JJA). 18
In Central Asia, precipitation concentrates in spring to summer, and is light in 19 autumn/winter period (Fig. 9A-F) . The season of peak rainfall differs spatially over 20 Central/South Asia, but is generally found in AMJ to JJA (Fig. 9C and 9D) . These results 21 indicate that summer moisture over Central/South Asia is tuned mainly to precipitation and 22 temperature anomalies in the major wet season. 23 The above results indicate that both precipitation and temperature are important for 1 summer drought anomalies over Central/South Asia. This raises a question of whether they 2 contribute independently, or one is simply a covariate of another. To examine whether 3 precipitation and temperature are independent casual factors for summer droughts, we 4 calculated their point-by-point correlations in space, with a focus on the season when they 5 are strongly related to summer droughts. The results indicate that precipitation and 6 temperature in AMJ are closely related to each other over Central/South Asia 7 ( Supplementary Fig. 4A ), such that their anomalies are largely due to the same forcing. 8
From late spring through summer over transition zones between wet and arid regions, soil 9 moisture controls surface evaporation. The strong soil moisture feedback during this time 10 makes surface air temperature sensitive to antecedent and current precipitation (Guo et al. 11
2012), and surface cooling occurs in response to excessive antecedent and current 12 precipitation, consistent with our results in Fig. 9 . 13 The MADA PC1 is highly correlated with Niño3/4 SST 6-7 months in advance 14 (equivalent to the preceding NDJ), but their correlations are weak at 0-2 months lead (Fig.  15   8A ). This is because ENSO peaks in NDJ and decays substantially by AMJ/JJA (Fig. 1) . 
Maritime Continent 12
Correlations of MADA PC2 with precipitation in antecedent seasons are generally weak 13 over the Maritime Continent (Fig. 10A-C) . Instead, they are strongly and positively 14 correlated in current summer and thereafter (Fig. 10D-F) . The seasonality of MADA PC2 15 correlations with temperature is broadly consistent with that of precipitation (Fig. 10G-L) , 16 and is also consistent with local SST anomalies over the North Indian Ocean and South 17
China Sea (Fig. 6G-L) . The highest correlations of MADA PC2 with precipitation and 18 temperature are both found in current summer (JJA) (Fig. 10D and 10J ). In JJA, the 19 correlations between precipitation and temperature are generally insignificant 20 ( Supplementary Fig. 4B ), suggesting that they may contribute independently to regional 21 summer drought anomalies. (Fig. 10A-F) . The MADA PC2 is highly correlated with Niño3/4 SST in summer 3 to autumn (Fig. 8B) . Therefore, the peak correlation between MADA PC2 and precipitation 4 in JJA indicates the direct influence of the developing phase of ENSO on summer droughts 5 over the Maritime Continent. 
Southwest North America 18
The NADA PC1 is positively correlated with precipitation over Southwest NA. The 19 correlations peak in prior winter (DJF; ~0.5), decay toward current summer, and vanish in 20 the following autumn to winter (Fig. 11A-F) . Consistent correlation patterns are found with 21 the observed summer PDSI (Supplementary Fig. 3 ), suggesting that tree-rings have 22 faithfully reproduced the seasonality of the observed correlation patterns. By contrast, the 23 correlations of NADA PC1 with temperature are negative, and peak in AMJ to JJA (~-0.5) 1 instead of DJF (Fig. 11G-L Fig. 4C ), suggesting that they may contribute independently to summer 10 drought anomalies over the region. 11
Both observed summer PDSI and tree-ring reconstructions cannot resolve summer 12 monsoon rainfall over Southwest NA, and instead they are mainly tuned to winter/spring 13 precipitation ( Supplementary Fig. 3 ). Probable reasons include the coarse resolution of the 14 PDSI grid, high evaporation loss in summer, and the nature of higher inter-annual rainfall 15 variability in winter than in summer (St George et al., 2010) . Regardless, NADA is capable 16 of tracking winter precipitation that is most strongly related to El Niño variability. (Fig. 11C) , and are marginally significant (~0.3) on the Great Plains in JJA (Fig. 11D) . the covariability of summer droughts between MA and Southwest NA is not always 1 significant over the past seven centuries, with marked modulation at interdecadal timescales 2 (Fig. 12A) . A comparison with the reconstructed ENSO variance series ( Fig. 12B; Li et al.,  3 2013) indicates that their covariability is generally strong (weak) when the ENSO variance 4 is high (low), with each high/low-coherence epoch lasting for several decades. Therefore, 5 the covariability of summer droughts between MA and Southwest NA is likely modulated 6 by interdecadal changes in ENSO variance and associated teleconnections. 7
In contrast, the correlations of NADA PC2 with MADA PC1/PC2 are generally weak 8 (Table 1) 
Summary 19
We have performed a pioneering study to examine ENSO phases embedded in summer 20 droughts over MA and NA by employing the tree-ring based MADA and NADA. Our 21 results indicate that summer droughts over MA and NA display distinct modes, each 22 responding to a distinct phase of ENSO. For Central/South Asia, summer droughts are most 23 correlated with tropical Pacific SSTs at the peak phase of ENSO in prior winter (DJF). 1
Regional precipitation and temperature anomalies occur one or two seasons later in late 2 spring to early summer. The time delay indicates that the ENSO effects are indirect and are 3 probably due to the Indian Ocean capacitor effect. For the Maritime Continent, the 4 developing phase ENSO affects summer droughts most, through concurrent precipitation 5 and temperature anomalies. For Southwest NA, the peak phase ENSO in prior winter has the 6 most significant influence on summer droughts through winter precipitation. For the 7 PNW/TexMex region, the peak phase ENSO in prior winter has a weak influence on 8 summer droughts but its influence on winter precipitation is non-stationary. The ENSO 9 effects persist through spring/summer over most of western NA, owing to the varied 10 contributions of direct tropical teleconnection and regional snowpack-soil moisture feedback 11 in ENSO decay seasons. Further studies are necessary to determine their relative importance 12 over the region. 13 The above results illustrate the importance of determining the time when precipitation 14 and temperature imprint on summer droughts. For example, although summer droughts over 15
Central/South Asia and Southwest NA are both most related to the peak phase of ENSO in 16 the preceding winter, the timing of strongest precipitation anomalies leads us to conclude 17 that those in Southwest NA record ENSO teleconnections at the peak phase of ENSO, while 18 those in Central/South Asia represent tropical-wide SST conditions at the decay phase of 19
ENSO. 20
Our findings reported here provide a framework for future efforts aiming at 21 reconstructing ENSO variability more accurately. For example, tree-rings in Southwest NA 22 might be more useful for reconstructing the peak phase ENSO variability, whereas those in 23 the Maritime Continent might be more appropriate for reconstructing the developing phase 1 ENSO variability. If tree-rings in MA and NA are to be jointly used in studying ENSO it is 2 important to shift by one year those from the Maritime Continent as they respond to the 3 ENSO events that develop in the year of tree-ring formation, whereas those in Central/South 4 Asia and Southwest NA respond to the ENSO events that decay in the year of tree-ring 5
formation. In light of this, more assessment of ENSO phases encoded in tree-rings and 6 other proxies around the world is necessary and shall lead to more skillful multi-proxy 7 reconstructions that will improve our understanding of the complex ENSO system. 
